1 Introduction 39 A hotter and drier future is likely for many of Australia's ecosystems. Australia's mean annual 40 temperature has increased by 1 °C since 1910, temperature distributions have shifted towards 41 higher average monthly maximum and minimum temperatures, and the duration, frequency and 42 intensity of extreme heat events has increased (BOM 2016a). The years 2013-2015 were among 43 the top 10 hottest years on record, including a number of significant heatwaves in southeast 44 Australia (BOM 2013 (BOM , 2014 (BOM , 2015 . In addition, southeastern Australia has become drier due to 45 severe rainfall deficiencies since the year 2000 (BOM 2016b). This indicates increased potential 46 for climate-induced stress in Australian ecosystems, given projections of warmer and drier 47 conditions over much of the Australian continent in coming decades (IPCC 2013 ). This will likely 48 result in more hot days and fewer cool days, in addition to more time spent in drought as winter 49 and spring rainfall is predicted to decrease further (BOM 2016a). 50 Over 900 eucalypt species occur in a broad range of climates in Australia, some with relatively 51 narrow distributions, which could make them vulnerable to a changing climate (Brouwers et al., Tuzet et al., 2003) . Hence, photosynthesis, transpiration and stomatal conductance are 62 commonly assumed to be coupled; that is, photosynthesis and transpiration both decrease with 63 increasing stomatal regulation under most environmental conditions (Farquhar & Sharkey, 1982 ; 64 Leuning, 1995; Tuzet et al., 2003) . However, isolated studies provide evidence of a decoupling of 65 photosynthesis from stomatal conductance in some tree species during extreme heat stress (Ameye Further, it remains unclear if eucalypts respond differently to multi-day heatwaves compared with 89 individual hot days, and how such responses might be mediated by water availability. As this is 90 currently neither well understood, nor integrated into process-based ecosystem models, it limits 91 the potential to predict how future climates characterized by more frequent and intense heatwaves 92 will influence the physiology, productivity, and distribution of temperate forest eucalypts. We 93 combined three years of concurrent sap flow and eddy covariance summer measurements in a 94 natural temperate eucalypt forest to examine the dynamics of photosynthesis and water use during 95 the hottest days, the driest days, and a 5-day heatwave. We hypothesized that (i) photosynthesis 96 and transpiration would both decrease on the driest days and both increase on the hottest days 97 (assuming no water limitations); and (ii) a longer heatwave would result in decreased carbon 98 uptake and increased water loss, as photosynthesis decreases, and evapotranspiration increases 99 during continuous temperature stress (assuming no water limitations). Our results have globally 100 relevant implications for understanding the trade-offs between photosynthesis and water use from 101 terrestrial ecosystems during exceptionally hot or dry conditions, which remain yet to be 102 incorporated into plant hydraulic and land surface models. The climate is cool temperate, with typically cool and wet winters, and warm summers. The closest 121 weather station to the study site (Ballarat Aerodrome, ~20 km distance) recorded a long-term 122 average annual temperature of 12.2 °C and an average annual rainfall of 690 mm (1908-2015) . 123 While the mean annual temperatures of the three study years were slightly below the long-term 135 and summer (months 1,2 and 12) were often higher during the three observation years than the 136 WMO reference period . This affected the likelihood of higher maximum 137 temperatures (solid lines, panel c) and to a lesser degree higher minimum temperatures (dashed 138 lines). Rainfall distribution (monthly rainfall totals, d) during the three years was erratic during 139 summer and autumn, but below average conditions in winter and spring in 2014 and 2015. 140 One of southeast Australia's most significant heatwaves (i.e. up to 12 °C higher than the 1961-141 1990 January mean maximum; BOM 2014) coincided with our study period in January 2014, and 142 involved five consecutive days reaching ~35 °C and a peak vapor pressure deficit (VPD) of 5.4 143 kPa at our study site. Thus, all references to heatwaves in this paper refer to this local heatwave 144 ('HW', 13 to 17 January 2014), rather than the broader-scale 'Angry summer' of 2013 (van Gorsel 145 et al., 2016), which affected much of southeastern Australia but was comparatively mild at our 146 study site due to the >700 m elevation (i.e. isolated days with maximum temperatures in the low 147 30s °C). 148 Since the 2014 heatwave was preceded by numerous rain events at the end of 2013 (i.e. was hot 149 but well-watered), we also pooled the hottest and driest days throughout the summer months 150 (December to February 2013-2015) for comparison with the 5-day heatwave. Here, the hottest 151 days were those in the upper 90th percentile of maximum daily temperatures in summer (>30.7 152 °C; 19 days), and the driest days were those in the lowest 10 percent of summer dryness as 153 indicated by soil moisture sensors at 40 cm depth (<0.102 m 3 m -3 ; 23 days). The 19 hottest days 154 excluded the heatwave from 13 to 17 January 2014 and did not overlap with any of the 23 driest 155 days. Note that soil moisture sensors at greater depths (65 cm, 1m; see 'Climate variables and 156 response functions') were installed too late to capture all summer months. In addition to the WMO groups primarily differed in their temperature range and associated atmospheric demand (which 164 increased from the baseline to the driest days, the hottest days, and peaked during the heatwave; 165 Table 1 ). Sap velocity was corrected for deviations from exact parallel spacing of the heater and the 177 thermistor elements, and wounding size was determined for all probes at the end of the study 178 period. In addition, tree cores were collected next to each probe to correct measured vsap for the 179 individual gas and water fractions of the sapwood of each instrumented tree (Edwards and 180 Warwick 1984). Sap velocities were calculated for each probe and then averaged per tree. Each 181 probe was analyzed for velocity drifts relative to the other three probes per tree, and affected probes 182 were excluded from the analysis (2 probes in total). Data gaps through intermittent probe failures 183 were filled with a hierarchical system to avoid an offset in the signal if either the fastest or slowest 184 sensors were not working: 1. Gaps of individual probes were filled based on the highest fit of a 185 regression between the probe that needed filling and the other three probes in the same tree (a 186 probe was only chosen when R 2 > 0.5). If the fit with any probe of the same tree was below the 187 threshold, then the best fit with a probe from all other trees was chosen to fill the gap. 2. The vsap 188 means of each tree were gap-filled if there were periods with a data gap affecting all probes of a 189 tree simultaneously (e.g. during a power outage, during data downloads or sensor repairs). Here, 190 we correlated the means of all trees with each other and chose the tree with the best fit. The lowest 191 correlation between two trees had a Pearson R of 0.85, so no minimum threshold had to be applied. Inc., Logan, UT, USA) and three additional CS-616 at 40 cm, 65 cm and ca. 1 m depth (depending 243 on soil texture), and measurements from the four pits were averaged for each depth. We used one-244 way ANOVAs followed by a Tukey test to assess significant differences in the response and key 245 climate variables between the baseline, the driest and the hottest days and heatwave days. All data 246 were analyzed in R version 3.5.1 (R Core Team, 2018) using the packages 'dplyr' and 'reshape2' 247 for manipulations, and 'car' for statistical analyses. The daily sums of vsap, ET, GPP and daily means of WUE differed significantly among the baseline 251 days, the hottest and the driest days, and during the heatwave (P < 0.01; Table 1 ). However, no 252 variable was significantly different between the hottest days and the heatwave (Table 1) , 253 suggesting that the eucalypts did not respond differently to the longer heatwave compared with the 254 individual hot days. On the driest days, vsap of both species remained comparable to the baseline, 255 whereas vsap increased by >45% during the hottest days and by >70% during the heatwave (Table   256 1). Daily ET patterns resembled vsap patterns, indicating that transpiration dominated the ET signal 257 of this forest. Daily GPP was comparable between baseline days, the hottest days and during the 258 heatwave, but was significantly reduced during the driest days (16% lower than the baseline days; 259 Table 1 ). However, daily ER relative to the baseline increased by 36% during the driest days, 260 doubled during the hottest days, and increased by 137% during the heatwave (resulting in 261 significant differences among all groups with the exception of the hottest and heatwave days; Table   262 1). This led to significant reductions in daily NEE relative to the baseline, which were in the order 263 of 62% on the driest days, and 91% on the hottest days, and turned the forest from a moderate 264 carbon sink to a carbon source (positive NEE) during the heatwave (Table 1) . 265 Mean daytime canopy conductance relative to the baseline decreased significantly when soil 266 moisture decreased (44% decrease in Gc during driest days with comparable mean daytime VPD; 267 Table 1), and decreased further when VPD and temperatures increased during the hottest days and 268 the heatwave (71% decrease in Gc despite comparable soil moisture to the baseline, P < 0.01; 269 Table 1 ). WUE estimations were most sensitive to the method of calculation on the hottest days 270 and during the heatwave (up to 91% difference within the same group; Table 1 ). Using the total 271 WUEday, the significant difference in GPP did not translate to significantly different WUEday 272 between the baseline and the driest days, which remained at 3 g C kg H2O -1 due to a comparable 273 decrease in ET during the driest days. In contrast, WUEday decreased by 34% (2.0 ± 0.01 g C kg 274 H2O -1 ) on the hottest days and by 42% (1.77 ± 0.05 g C kg H2O -1 ) during the heatwave, which 275 resulted in significantly lower WUE during hot days than on the driest and baseline days. However, 276 the opposite trend occurred when accounting for the non-linear relationship between GPPxVPD 277 and ET at the ecosystem scale; that is, the underlying WUEu_day increased by 24% during the driest 278 days (P<0.01; Table 1 ). Increasing WUE relative to baseline days was even more evident when 279 based on the intrinsic WUEi_day, which increased by 30% during the driest days and by up to 125% 280 during the hottest days and heatwave (P<0.01; Table 1 ), indicating that carbon assimilation 281 (approximated as GPP) per unit stomatal conductance (approximated as Gc) significantly 282 increased during high temperatures and high VPD, a result that was not captured when using total 283 WUEday. To further assess photosynthesis and water use during summer, we compared diurnal courses of 300 Gc, GPP, vsap and ET as a function of VPD ( Fig. 2a-e to the baseline maximum ( Fig. 2a, b) . Apart from this small deviation on the driest days, both 310 species had a similar response to changes in VPD. 311 Consistent with vsap dynamics, maximum ET at the ecosystem scale increased 24% on the hottest 312 days and by 43% during the heatwave (Fig. 2c; P<0 .05 for the heatwave). However, despite only 313 minor or no reductions in maximum vsap on the driest days, maximum ET decreased by 12% on 314 the driest days relative to the summer baseline ( Fig. 2c) . As VPD increased in the afternoon, ET 315 decreased between 9 to 28% until maximum VPD was reached during all conditions. Overall, ET 316 dynamics were similar to vsap dynamics, but more closely resembled the dynamics of E. obliqua 317 than E. rubida due the decrease of ET with increasing VPD during the driest days. 318 In contrast to significant increases in peak vsap and ET during the hottest days and the heatwave, 319 the diurnal maximum of GPP declined with increasing VPD (Fig. 2d ) and concurrently decreasing 320 Gc ( Fig. 2e) under both hot and dry conditions relative to the summer baseline (by 12% and 15% 321 on the hottest and driest days, P<0.01; and by 9% during the heatwave, P>0.05; Fig. 2d ). Until 322 maximum VPD was reached in the mid-afternoon, GPP decreased between 12 to 19% during all 323 conditions ( Fig. 2d ). While reductions of peak GPP were comparable to reductions of peak ET 324 during driest days (both decreased by 12%), the diurnal course of GPP and ET reversed during the 325 heatwave: mid-day GPP was sustained within 9% of baseline days (P>0.05) at the cost of 326 significantly increased peak ET (43% increase compared to the summer baseline, P<0.05). 327 Daytime canopy conductance varied considerably between the hottest, driest and baseline days 328 ( Fig. 2e ): maximum Gc at baseline days was 0.67 mol m -2 s -1 , which decreased by 43% and 68% 329 on the driest and hottest days (to 0.38 and 0.22 mol m -2 s -1 , respectively). Maximum Gc was 330 comparable between hot days and the heatwave, despite a larger VPD range during the heatwave 331 ( Fig. 2e ). However, Gc did not fully decline under any conditions, and the large reductions of Gc 332 on the driest, and especially on the hottest days and during the heatwave ( Fig. 2e ) only marginally 333 affected GPP (Fig. 2d ). Consequently, reductions in Gc primarily restricted excessive water loss 334 during warm days with high atmospheric demand, which is supported by the ~50% reduction of 335 ET compared to PET ( Fig. 2f and Table 1 ) during the hottest days and during the heatwave. In 336 addition, the close resemblance of diurnal ET and PET dynamics on the baseline and driest days 337 indicate that the forest was only marginally water limited on these days (Fig. 2f ). (0.13-0.21 m 3 m -3 during the baseline and 0.13-0.19 m 3 m -3 during the heatwave), but by 7% higher 356 incoming radiation peak, markedly warmer minimum (11.5 °C above baseline) and maximum 357 temperatures (14.7 °C above baseline), and ~four-fold higher atmospheric dryness (VPD), which 358 peaked at ~4.6 kPa in the early afternoon during the heatwave (Fig. 3a-b and Table 1 ). These 359 increases in temperature and VPD resulted in a 37% increase in peak vsap rates and a 70% increase 360 in total daily water use compared to baseline days (averaged across both species; Fig. 3c and Table   361 1). While peak PET increased three-fold during the heatwave, peak ET only increased by 43% 362 compared to baseline days (Fig. 3c ), leading to a 74% increase in total daily ET (from 2.88 mm on 363 baseline days to 5.02 mm during the heat wave; Table 1 ). In contrast to increases in vsap and ET, 364 the daily peaks and daily totals of GPP remained relatively unchanged during the heatwave, 365 indicating that baseline photosynthesis was maintained during the heatwave at the cost of 366 significantly increased transpiration (Table 1 and Fig. 3d ). However, despite stable GPP, a 367 doubling of peak respiration rates (P<0.05) and a more than two-fold increase in daily ER (P<0.01) 368 turned the forest from a moderate net carbon sink during baseline days (-4.64 ± 0.34 g C d -1 ) into 369 a net carbon source (0.79 ± 0.47 g C d -1 ) during the heatwave (P<0.01; Fig. 3d and Table 1 ). Contrary to our first hypothesis, photosynthesis and water use within this dry-sclerophyll eucalypt 384 forest were not always synchronous during summer, as we measured no significant change in 385 photosynthesis in contrast to significantly increased water use in daily sums (Table 1) , in response 386 to increasing VPD (Fig. 2) , and in diurnal patterns (Fig. 3) during the hottest days and during the 387 5-day heatwave. On the hottest days and during the heatwave, photosynthesis was more-or-less 388 sustained at the cost of >70% increased water loss relative to baseline days, which contrasted with constrained to the summer season and pooled across three different summers with similar radiation 417 input for all examined conditions (Fig. S1.) , thereby minimizing phenological influences as well as climatological variation. Yet, significant differences between the baseline and driest days in
